Despite the high occurrence of congenital abnormalities of the lower urinary tract in humans, the molecular, cellular and morphological aspects of their development are still poorly understood. Here, we use a conditional knockout approach to inactivate within the nephric duct (ND) lineage the two effectors of the Hippo pathway, Yap and Taz. Deletion of Yap leads to hydronephrotic kidneys with blind-ending megaureters at birth. In Yap mutants, the ND successfully migrates towards, and contacts, the cloaca. However, close analysis reveals that the tip of the Yap −/− ND forms an aberrant connection with the cloaca and does not properly insert into the cloaca, leading to later detachment of the ND from the cloaca. Taz deletion from the ND does not cause any defect, but analysis of Yap −/− ;Taz −/− NDs indicates that both genes play partially redundant roles in ureterovesical junction formation. Aspects of the Yap −/− phenotype resemble hypersensitivity to RET signaling, including excess budding of the ND, increased phospho-ERK and increased expression of Crlf1, Sprouty1, Etv4 and Etv5. Importantly, the Yap ND−/− ND phenotype can be largely rescued by reducing Ret gene dosage. Taken together, these results suggest that disrupting Yap/Taz activities enhances Ret pathway activity and contributes to pathogenesis of lower urinary tract defects in human infants.
INTRODUCTION
Congenital abnormalities of the kidney and urinary tract (CAKUT) are among the most common birth defects in humans. They encompass a spectrum of structural and functional kidney and urinary tract defects, including renal agenesis, duplex kidneys, megaureter, hypoplasia and multicystic dysplasia, which arise from defects during development (Schedl, 2007) . A large proportion of CAKUT patients show a failure to properly connect the ureter to the bladder, a connection known as the ureterovesical junction (UVJ). Defective UVJ formation results in obstruction of urine flow into the bladder, causing dilation of the ureter (known as hydroureter or megaureter) and/or the renal pelvis (hydronephrosis), or reflux of urine from the bladder into the ureter and kidneys (vesicoureteral reflux) . Despite the high occurrence of lower urinary tract abnormalities in humans, the molecular, cellular and morphological aspects underlying UVJ formation are still poorly understood.
The first step in the formation of a working urinary system is the formation of the nephric duct (ND), which extends towards the posterior part of the embryo to join the cloaca (bladder-urethra primordium) by E9.5 (Fig. 1A ). An outgrowth from the caudal end of the ND, known as the ureteric bud (UB), grows towards the metanephric mesenchyme (MM) at E10.5. The portion of the UB that lies outside the MM will form the ureter, a tube that will connect the kidney with the bladder. At E10.5, the UB is connected indirectly to the cloaca via the common nephric duct (CND), the most caudal segment of the ND. In order to be functional, the ureters need to rearrange to insert directly into the bladder primordium, through a process called ureter-bladder maturation that occurs between E11 and E14.5. This process requires the apoptotic elimination of the CND and the growth of the bladder to enable the separation of the distal end of the ureter from the ND, and migration to its final position within the bladder ( Fig. 1A and .
Although the molecular and cellular origin of CAKUT anomalies in humans are poorly understood, mutational analyses in mice have identified a number of genes involved in proper formation of the kidney and urinary tract [reviewed by . A crucial signaling pathway for the development of the urinary system is the Gdnf/Ret pathway. Mutations in the tyrosine kinase receptor Ret, or in genes that control Ret expression or signaling, result in delay or failure of the ND to insert into the cloaca (Chia et al., 2011; Hoshi et al., 2012; Weiss et al., 2014) . Ret signaling is also crucial for the sprouting of the UB and its branching morphogenesis. Positioning of the UB along the ND is crucial for normal morphogenesis. Indeed, in Gata2 hypomorphic (Hoshino et al., 2008) and Bmp4 heterozygous (Miyazaki et al., 2000) mutants, the lower end of the ureter does not reach the bladder, due to a more rostral budding site. Improper urinary tract development is also observed as a consequence of defective ureter maturation. This process, which relies on apoptotic removal of the CND, requires the Ptprs and Ptprf phosphatases ), EphA4/EphA7 signaling (Weiss et al., 2014) , retinoic acid and Ret-MAPK signaling (Chia et al., 2011; Batourina et al., 2002 Batourina et al., , 2005 Hoshi et al., 2012) and the expression of Discs, large homolog 1 (Dlg1) (Iizuka-Kogo et al., 2007) . Thus, strict regulation of apoptosis, proliferation, cell migration and cell adhesion are all needed to form a functional urinary system.
The Hippo pathway is a highly conserved kinase cassette that regulates tissue growth, cell fate and regeneration in metazoans by controlling the activity of its two downstream effectors Yap and Taz [reviewed by Staley and Irvine (2012) ; Zhao et al. (2008); Halder and Johnson (2011) ]. Yap and Taz are closely related transcriptional co-regulators that control expression of pro-proliferative and anti-apoptotic genes. When the Hippo kinases Mst and Lats are active, Yap and Taz are phosphorylated and excluded from the nucleus. Loss of Hippo signaling leads to unrestricted proliferation in flies and mammals and has been linked to a variety of cancers [reviewed by Pan (2010) ; Harvey and Tapon (2007) ]. Yap knockout (Yap −/− ) embryos die at embryonic day (E)8.5 (Morin-Kensicki et al., 2006) , and both Yap and Taz are essential for nephrogenesis (Hossain et al., 2007; Makita et al., 2008; Reginensi et al., 2013) , but their role in lower urinary tract morphogenesis remains unknown. Here, we examine the effects of loss of Yap and Taz in the development of the lower urinary tract, and demonstrate that Yap and Taz play crucial and partially redundant roles in establishing ureter-bladder connectivity, via the control of cell organization and regulation of the activity of the Ret signaling pathway.
RESULTS

CAKUT in Yap ND mutants
To assess the function of Yap in urinary tract development, we removed Yap from the ND using the Hoxb7:Cre line (Zhao et al., 2004) . The Hoxb7 promoter drives Cre recombinase expression in the ND as early as E9 and in all epithelial structures derived from the UB, but not in the cloaca epithelium (Zhao et al., 2004 animals had a variety of severe anomalies of the kidney and the urinary tract with empty bladders (Fig. 1B-D) . Histological examination of P0 kidney sections revealed severe kidney anomalies, including duplicated renal system, hydroureter, blindending ureter and hydronephrosis ( Fig. 1B′-D′) . Quantification revealed that 90% of Yap ND−/− mutants (34/38 kidneys) had hydroureter, combined with 69% (26/38) hydronephrosis and 37% duplicated renal systems (14/38) (Fig. 1E) . The remaining four kidneys (10%) were small and dysplastic. Only 2% of Yap ND−/− pups (6/277 pups) survived to weaning, with severely dysplastic and hydronephrotic kidneys (supplementary material Fig. S1A-C) . These rare survivors are probably due to less-efficient Cre excision (supplementary material Fig. S1D-F′) . Overall, our data demonstrate that Yap plays a crucial role in the Hoxb7 lineage for correct development of the urinary tract.
Yap is essential for formation of the ureter-bladder junction Hydroureter/nephrosis arises from defective flow of urine from the kidney to the bladder, which could be due to functional or physical obstruction. To determine whether a physical obstruction contributed to hydroureter/nephrosis in Yap ND−/− mutants, we performed intrapelvic dye injections on E18.5 controls and Yap ND−/− embryos. In controls, dye flowed down the ureter into the bladder, where it could be easily detected within five minutes (n=3, Fig. 1F ). By contrast, in Yap ND−/− mice, intrapelvic injected dye was never detected in the bladder (n=3, Fig. 1G ). Moreover, histological analysis before urine production (E14.5) reveals that Yap deletion leads to hypodysplastic kidneys but no hydroureter (supplementary material Fig. S1G,H) , consistent with the hypothesis that the production of urine leads to the observed hydroureter. Hydronephrosis can also be caused by defects in the smooth muscle layer (Airik et al., 2006) ; however, staining with antibodies against alpha-smooth muscle actin demonstrated that Yap deletion from the ureter does not affect the smooth muscle layer of the ureter at E16.5 (supplementary material Fig. S1I,J) .
To obtain more insight into the developmental defects of Yap ND−/− mutants, we dissected P0 urinary tracts. Strikingly, 85%
of kidneys (16/19) displayed a blind-ending ureter in Yap cKO kidneys, whereas in controls, ureters were always connected to the bladder (Fig. 1H,I ). Taken together, these data indicate that hydroureter/nephrosis seen in Yap cKO embryos is due to physical obstruction of urine flow to the bladder.
Yap signaling is required for ND insertion into the cloaca and lower urinary tract morphogenesis
The blind-ending ureter phenotype observed in Yap mutants could result from the inability of the ND to reach the cloaca, as seen in Ret, Gata3 and Raldh2 (Aldh1a2 -Mouse Genome Informatics) mutants (Chia et al., 2011) . To address this hypothesis, we examined earlier stages of kidney development. Surprisingly, whole-mount-in situ hybridization (WM-ISH) analysis with Pax2 riboprobes at E9.5 revealed that the NDs of controls and Yap mutant embryos had elongated successfully along the anteroposterior axis and turned to reach the cloacal epithelium (supplementary material Fig. S2A ,B), thus indicating that ND elongation towards the cloaca is independent of Yap function. We examined with higher resolution the ND-cloaca connection point using whole-mount-immunofluorescence (WM-IF) analysis at E10.5. We used Pax2 to mark the ND and the MM, and E-cadherin to mark the ND and the cloaca. This analysis confirmed that the Yap ND−/− ND reached, and came in contact with, the cloaca epithelium (see supplementary material Fig. S2C -E for lowmagnification view). However, the morphology of the ND-cloaca connection was highly abnormal in Yap mutants. Whereas the tip of the ND formed a smooth connection with the cloaca in wild type ( Fig. 2A) , Yap mutant NDs consistently formed an aberrant connection, with the most distal tip not adhering to the cloaca, and often extending beyond the cloacal surface ( Fig. 2B,C) .
To determine whether the ND properly inserts into the cloaca, we conducted Pax2 and E-cadherin WM-IF at E11.25 in controls and Yap mutants. In controls, a single UB underwent the first branching event to reach the T-stage, and the ND was connected to the cloaca via a relatively short CND (Fig. 2D, Fig. 3A ; quantification in supplementary material Fig. S3D , average length of CND in controls=178±18 μm s.d.; n=8). In Yap mutants, a second (or more) UB was often observed anterior to the primary bud (arrow in Fig. 2E , Fig. 3F ,G; supplementary material S2F,G), the average length of the CND was increased ( Fig Further analysis revealed that the ND contacts the cloaca epithelium, but the ND does not properly insert into it. As development progressed in Yap mutants, Pax2/E-cadherin doubleimmunostaining revealed that the ND appears to retract away from the cloaca with a concomitant extension of cloacal epithelial cells as early as E11, before ureter remodeling occurs ( Fig. 2E′ ,H; supplementary material Fig. S2G,G′) . The normal continuity of ND and cloaca lumens does not occur in Yap mutants. Analysis of E12.5 embryos confirmed defective ureter-bladder maturation in Yap mutants, with defective ND-cloaca connection and CND elimination (supplementary material Fig. S3A-C) . In wild-type animals, the length of the CND is 139±8 μm s.d. at E12.5, whereas in Yap mutants, we observed an increase in CND length at E12.5 (472±71 μm s.d.; n=6; supplementary material Fig. S3A-D) . In order to visualize the developing urinary tract better at later stages, we crossed the Rosa26-fl-Stop-fl-lacZ reporter allele into control and Yap ND−/− genetic backgrounds and stained urogenital tracts for β-galactosidase activity. As the Hoxb7 promoter does not drive Cre expression in the cloaca, this structure is not visualized with this technique. β-galactosidase staining at E14.5 and E16.5 showed a regular UB branching pattern, and ureters that separated from the ND to insert into the bladder wall in controls (Fig. 3H,K) . By contrast, Yap ND−/− kidneys had a reduced and abnormal branching, with ureters still connected to the ND at E14.5 (Fig. 3I,J) and ending blindly at E16.5 (Fig. 3L ).
Increased proliferation in Yap mutant CND
The increased length of the CND observed in Yap mutant embryos could be due to a rostral UB budding, which impairs proper formation of the later ureter-bladder connection. Alternatively, altered proliferation or apoptosis might lead to defects in formation of this connection. To test whether Yap deletion affects the site of the primary bud along the ND, we performed double WM-ISH analysis with both Ret (ND and UB) and Uncx4.1 ( posterior half of developing somites) riboprobes at E11. In both wild type and Yap ND−/− mutants, the UB sprouted from the ND between the 26th and 27th somites (Fig. 3M,N) , indicating that Yap deletion does not impact the position of the primary UB along the ND.
An alternative explanation for the increased CND length observed in Yap mutants would be a reduction in apoptosis in the CND. Apoptosis is crucial for ureter-bladder maturation, as the CND must undergo controlled apoptosis in order to bring the distal end of the ureter in contact with the bladder. To test this hypothesis, we performed cleaved-caspase 3 and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining in control and Yap ND−/− kidneys at different timepoints. Interestingly, we found comparable rates of apoptosis in control and Yap cKO CND at E11.5 (Fig. 4A-C′ ) and E12 (supplementary material Fig. S4A-E) . Loss of Yap is predicted to increase apoptosis and reduce proliferation; however, even at earlier timepoints (E11, Fig. 4D-I′) , using both TUNEL and cleaved-caspase 3 approaches, we found that Yap deletion does not lead to increased apoptosis in the CND. Interestingly, the characteristic bridging structure observed in Yap mutants does undergo apoptosis, as seen by TUNEL and cleavedcaspase 3-positive staining in the E-cadherin structure between the arrows and the cloaca (Fig. 4F-G′) . Later, at E13.5, there was a sixfold increase in apoptosis in Yap cKO in the ureter (Fig. 4J-L) . Then, defective ureter remodeling observed in Yap mutants is not due to major defect in inducing CND elimination by apoptosis.
Finally, elongation of the CND can be the result of increased proliferation. We examined proliferation using BrdU incorporation into the CND at E11.5. Very limited proliferation was observed in control CND (4.96%±1.5, n=10). Surprisingly, proliferation increased 2.6-fold in Yap ND−/− CND (13.07%±4.9, n=10; Fig. 4M-O) . This increase in proliferation could explain the increase in CND length.
Cell specification and cell polarity are not eliminated by loss of Yap in the ND Several genes have been implicated in ureter-bladder maturation, affecting either migration of the ND (Gata3, Raldh2, Ret), UB sprouting position (Gata2, Bmp4), formation of a single UB (Gata3, Ret, Slit2, Robo2, Sprouty1, Islet1; see Grieshammer et al., 2004; Basson et al., 2005; Kaku et al., 2013; Hoshi et al., 2012; Jain et al., 2006) , defective CND elimination by apoptosis (Rar, Ptprs;Ptprf, RetY1015F, Dlgh1) or defective adhesion between the ND and the cloacal epithelium (EphA4, EphA7, EphrinB2; see Weiss et al., 2014) . We looked at the expression of Robo2, Gata3, Sprouty1, Raldh2, Ret, Bmp4, Slit2, Islet1, EphA4, EphA7 and EphrinB2 by in situ hybridization (ISH), but did not detect any significant changes in expression between controls and Yap cKO (supplementary material Fig. S5; Fig. 3D -G,M,N; and data not shown). We also investigated whether Yap deletion from the ND affected cell polarity. Immunostaining for Crumbs3 (Crb3), E-cadherin, ZO-1 (Tjp1 -Mouse Genome Informatics) and Laminin revealed that Yap-depleted cells acquire apico-basal polarity like control cells (supplementary material Fig. S5P-T′) . Expression of Wnt6, Mal2, Prss8, Cdh16, Cldn4, Rnf128, Wnt9b and Tbx3 in the ND were unaffected by Yap deletion (supplementary material Fig. S5H-O′) . Thus, deletion of Yap from the ND does not lead to obvious defects in cell polarity, adhesion or cell specification in the caudal ND.
Yap and Taz have partially redundant functions in urinary tract development
Our data indicate that Yap ND−/− mice have abnormal kidney and urinary tract morphogenesis. The Yap paralog Taz is required for proper kidney development, as Taz null mice have cystic kidneys (Hossain et al., 2007; Makita et al., 2008) . To investigate the function of Taz specifically in the ND derivatives, we generated Hoxb7:Cre tg/+ Taz flox/flox mice (Taz ND−/− ). Taz ND−/− kidneys were similar to controls in size, and were functional at birth, based on gross anatomical examination, histology and presence of urine in the bladder at P1 (data not shown), meaning that either Taz is not required for morphogenesis or that Yap is sufficient in the absence of Taz. Interestingly, we found that removal of Taz from the UB compartment did not lead to cyst formation, in comparison to removal of Taz from the condensing mesenchyme (Reginensi et al., 2013) or in Taz −/− embryos (Hossain et al., 2007; Makita et al., 2008) , indicating that Taz function is needed in developing nephrons to prevent cyst formation.
To determine whether there is functional redundancy between Yap and Taz in the UB compartment, we generated double conditional knockout mice (Hoxb7:Cre tg/+ Yap flox/flox Taz flox/flox , called Yap/Taz ND−/− ). Immunostaining with an anti-Yap/Taz antibody confirmed the absence of Yap/Taz expression in the epithelial compartment of Yap/Taz ND−/− kidneys at E12.5 (supplementary material Fig. S6A,B) . Significantly, deletion of one or two alleles ( Fig. 5B and C, respectively) of Taz showed dramatic exacerbation of the Yap mutant phenotype compared with controls (Fig. 5A) . Indeed, Yap/Taz ND−/− kidneys were severely dysplastic, with no ureters at E18.5 (Fig. 5C) . Earlier (E11.25) defects seen in Yap cKO were aggravated by the additional deletion of Taz, with aberrant branching morphogenesis, blind-ending NDs and defective ND-cloaca connection (Fig. 5D-F) . The dramatic defects of Yap/Taz double mutants were also seen earlier in development, with greatly increased apoptosis seen in TUNEL staining at E11.25 (Fig. 5G,H) and with cleaved-caspase 3 staining at E12.5 (Fig. 5I,J) . Taken together, these data demonstrate that Yap and Taz play partially redundant roles in development of the urinary tract, and that this pathway is a crucial regulator of kidney and ureter development.
Ret haploinsufficiency rescues the Yap cKO phenotypes
Ectopic budding and ureter maturation defects are observed in cases of increased Gdnf/Ret signaling. Consistent with a potentially increased level of Ret signaling in Yap ND mutants, we observed increased expression of the Ret downstream targets Crlf1, Sprouty1, Etv4 and Etv5 in Yap cKO ND compared with controls at E10.5 ( Fig. 6A-H) . We examined expression of phospho-ERK ( p-ERK), a classic indicator of Ret activity, in the ND, UB and CND. Whereas p-ERK staining levels in E10.5 ND and UB were similar in controls and Yap mutants (supplementary material Fig. S6C-F) , we observed foci of increase p-ERK staining in the CND and ND of Yap mutants compared with controls at E11.5 ( Fig. 6I-J″ ; compare J′ and J″ with I′). To test the hypothesis that the Yap cKO phenotype is due to increased Gdnf/Ret signaling, we reduced the gene dosage of Ret in Yap-ND null mice by using a Ret-EGFP knock-in allele (Hoshi et al., 2012) . Complete deletion of Ret in Yap-ND null mice (Ret −/− Yap ND−/− ) led to renal agenesis or rudimentary kidneys ( Fig. 6M ; and data not shown), as Ret is required for UB budding. Reduced levels of Ret signaling by generating Yap cKO animals heterozygous for Ret (Hoxb7:Cre tg/+ Yap flox/flox Ret +/− ) reduced the severity of defects in Yap-ND null mice. Remarkably, whereas only 9% of Yap ND−/− ureters were connected to the bladder at P0 (2/22 ureters, see Fig. 6L ,O), 50% of Yap ND−/− Ret +/− embryos showed ureter-bladder connection (9/18 ureters, see Fig. 6N,O) . Thus, simply reducing Ret signaling can partially suppress the morphological effects of loss of Yap in ND morphogenesis.
DISCUSSION
The navigation of the ND to the cloaca is a complex developmental process, requiring tight regulation of migration, cell polarity, adhesion and apoptosis. Time-lapse imaging of the migrating ND shows growth-cone-like behavior, with multiple filopodial-like extensions sampling the environment (Chia et al., 2011) . Gdnf/Ret signaling is crucial in directing the migration and budding behavior of the ND. As such, Ret signaling is known to be under multiple layers of regulation: Lim1, Pax2, Gata3, Ephrins and Raldh2 all regulate Ret expression or activity. In addition, activation of Ret signaling is also regulated by upstream regulators, such as Gdnf, Gfrα1, Robo2 and Bmp4, as well as modulators of downstream signaling such as Sprouty1. We add here to the already known regulators of ND behavior and Ret sensitivity the transcriptional co-regulators Yap and Taz. We show that, in the absence of Yap, the ND can effectively migrate to the cloaca but fails to insert, and eventually retracts, leading to hydroureter, hydronephrosis and perinatal lethality. Our genetic analysis indicates that Yap reduces sensitivity of the ND to Ret signaling, as we observed increased Ret signaling activity in the ND and a dramatic rescue of the Yap ND phenotype simply by removing one copy of Ret. These genetic data imply that Yap functions as a modifier of RET in human CAKUT. Increased sensitivity to Ret signaling is also a characteristic of Sprouty1 mutants, as shown by the presence of ectopic budding Sprouty1-deficient embryos. However, we did not detect a loss of Sprouty1 expression in Yap ND mutants. Excess Raldh2 or Gata3 could also lead to increased Ret expression, but no obvious expression change for these genes was seen in Yap ND mutants. As Ret expression is also not obviously affected in Yap-deficient embryos, our results suggest that Yap regulates Ret pathway activity rather than Ret expression. Because the Hoxb7:Cre line only removes Yap from the ND cells, this also suggests that the changes in Ret signaling are due to cell-autonomous effects.
Ret signaling in the kidney is activated by the formation of a receptor complex with the glial cell-derived neurotrophic factor (Gdnf ) and its co-receptor Gfrα1. Activation of Ret results in phosphorylation of major docking-site tyrosine (Y) residues in the cytoplasmic domain of Ret, activating several downstream signaling pathways, including PLCγ, SRC, PI3K and MAPK. Loss of Ret leads to loss of caudal migration of the ND (Chia et al., 2011) . Mutation of the different docking-site tyrosines on Ret can differentially activate subsets of downstream pathways (Jain et al., 2010) . Ret Y1015 serves as the docking site for PLCγ, whereas RetY1062 is the docking site for activation of the Ras/MAPK and PI3K pathways in the urinary tract (Davis et al., 2014) .
Comparison of the Yap ND−/− phenotype with different Ret mutants provide hints as to how Yap might act to repress Ret signaling. Previous studies have shown that mutation of RetY1015 leads to a complex CAKUT phenotype that resembles that of Yap cKO ND, whereas loss of Ret or mutation of RetY1062 leads to kidney agenesis or rudimentary kidneys. Yap ND−/− mutants show many similarities to Ret Y1015 mutants, such as abnormal localization of the MM (supplementary material Fig. S6G,H) , an abnormally extended CND with increased proliferation, and ectopic budding leading to multiplex kidneys with hydroureter. However, the Yap ND−/− and Ret Y1015 phenotypes also show some major differences; for example, the ectopic buds in Yap ND mutants are less anteriorly placed than in Ret Y1015 mutants, and Ret mutants have elongated CNDs due to decreased apoptosis. In addition, the ND in Ret Y1015F mutants remains adhered to the bladder and does not show the blind-ending phenotype seen in Yap mutants. Thus, whereas we have shown that loss of Yap sensitizes to Ret signaling, there are aspects of the ND-cloacal morphogenesis that are Ret-independent.
The Yap mutant ND detaches from the cloaca while it is still elongating, and displays increased proliferation. Coexistence of these two observations might seem contradictory; however, it is tempting to speculate that proper insertion of the ND into the cloaca is required to initiate decreased proliferation in the CND, and for further ureter-bladder remodeling. We observed changes in the epithelial organization of the Yap mutant ND. Whereas the CND is a pseudo-stratified epithelium in wild-type embryos, the Yap-depleted CND and ureter is a single layer epithelium (supplementary material Fig. S4F-K) . As YAP is known in many systems to promote proliferation, this might contribute to these morphological differences.
In summary, we have shown here that loss of Yap and Taz lead to dramatic defects in the mouse urinary tract that resemble human CAKUT, and our data suggest that mutations in the Hippo pathway are a cause of CAKUT. In addition, our study shows that lower urinary tract defects induced by loss of Yap can be suppressed by reduction in Ret gene dosage. Up to 5% of CAKUT have RET mutations, and our data support the notion that the Hippo pathway might directly or indirectly modify the outcome or features of CAKUT in patients with RET mutations. These findings may have broader implications, as the RET pathway is modulated by both upstream and downstream regulators of kidney and urinary tract development that have been independently shown to be important in patients with CAKUT. These studies have implications for the understanding of CAKUT in humans; they suggest that CAKUT, induced by defects in the Hippo pathway, is modified by treatment with Ret inhibitors.
MATERIALS AND METHODS
Mouse lines
The Hoxb7:Cre tg/+ , Taz flox , Yap flox and Ret EGFP/+ mouse strains have been described elsewhere (Zhao et al., 2004; Reginensi et al., 2013; Hoshi et al., 2012, respectively) . All mice were maintained on a mixed genetic background. Husbandry and ethical handling of mice were conducted according to guidelines approved by the Canadian Council on Animal Care. Genotyping was performed by PCR using genomic DNA prepared from mouse ear punches.
Histological and immunological analyses
Embryonic samples from timed matings (day of vaginal plug=E0.5) were collected, fixed in 4% paraformaldehyde overnight (O/N) at 4°C, serially dehydrated and then embedded in paraffin. Microtome sections of 7 µm thickness were examined histologically via periodic acid-Schiff staining. For immunofluorescent analysis, paraffin sections were de-waxed and rehydrated via ethanol series. Antigen retrieval was performed by boiling the sections for 20 min in Antigen Unmasking Solution (H-3300, Vector Laboratories). Sections were incubated for 1 h in blocking solution (3% BSA, 10% goat serum, 0.1% Tween 20 in PBS) at room temperature (RT). Blocking solution was replaced by a solution of primary antibodies diluted in 3% BSA, 3% goat serum and 0.1% Tween 20 in PBS. The following primary antibodies were used in this study: anti-α-SMA (A7607, Sigma; 1/200), anti-Calbindin (PC253C, Calbiochem; 1/300), anti-Cleaved-caspase 3 (#9661, Cell Signaling Technology; 1/200), anti-Crumbs3 (HPA013835, Sigma Prestige Antibodies; 1/300), anti-E-cadherin (Mouse, 610181, BD Transduction Laboratories; 1/300), anti-E-cadherin (Rabbit, #3195, Cell Signaling Technology; 1/300), anti-Laminin (L9393, Sigma; 1/300), antiPax2 (PRB-276P, Covance; 1/300), anti-Phospho-Yap (#4911, Cell Signaling Technology; 1/150), anti-Yap (sc-101199, Santa Cruz Biotechnology; 1/50-1/150), anti-Yap/Taz (#8418, Cell Signaling Technology; 1/150) and anti-ZO-1 (Invitrogen; 1/100). Relevant Cy3-or FITC-conjugated secondary antibodies (Jackson Laboratories) were used for primary antibody detection. Slides were mounted using Vectashield with or without DAPI (Vector Laboratories). Fluorescent images were taken with a Nikon C1 plus Digital Eclipse confocal microscope. For immunohistochemistry, the same procedure was used, with the addition of one step after the rehydration. Slides were immersed in 3% H 2 O 2 in PBS for 20 min to block endogenous peroxidases. The anti-Yap/Taz antibody was incubated for 48 h at 4°C. Then, undiluted secondary antibody (EnvisionPlus from Dako) was applied to the sections for 1 h at RT. Samples were washed, developed with DAB, counterstained with hematoxylin and mounted in pertex.
Whole-mount immunofluorescence
Embryos were dissected at suitable timepoints and fixed in 4% PFA/PBS ( pH 7.4) at 4°C O/N, then rinsed with PBS at RT several times. Urinary tracts were dissected under the microscope, soaked in PBS-BB (1% BSA/ 0.2% skim milk/0.3% Triton X-100/1× PBS) as a blocking solution and incubated O/N at 4°C on a shaker (Hoshi et al., 2012) . Tissues were incubated with primary antibody (anti-Pax2, PRB-276P, Covance; 1/200; and anti-E-cadherin, AF748, R&D Systems; 1/50) solution appropriately diluted with PBS-BB at 4°C O/N, then washed with PBS-Tr (0.3% Triton X-100/1× PBS) twice at RT for one or two hours and once at 4°C O/N on a shaker. They were then incubated with secondary antibody solution appropriately diluted with PBS-BB O/N at 4°C, washed in PBS-Tr a few times at RT, and samples were imaged in 50% Glycerol/1× PBS with Nikon C1 confocal system with NIS Elements software (Nikon Instruments).
Whole-mount TUNEL staining (with whole-mount immunofluorescence)
After whole-mount immunofluorescence with anti-E-cadherin antibody, specimens were rinsed three times with PBS-Tr and incubated with 1× TdT buffer (130 mM sodium cacodylate/1 mM cobalt chloride/30 mM Tris-Cl, pH 7.4/0.1% Triton X-100). This was followed by 1-2 h incubation in the TdT buffer (adjusted pH to 7.2 with HCl) at RT. The samples were then treated with TdT reaction buffer (250 units TdT, #03333566001, Roche/ 1 nmol biotin-conjugated dUTP, #11093070910, Roche, in 1 ml 1× TdT buffer) O/N at RT on a shaker to label apoptotic cells. TUNEL-positive cells were visualized after incubation of labeled specimens with DyLight TM 649-conjugated streptavidin (016-490-084, Jackson ImmunoResearch) diluted 1:400 with 1× PBS/5% BSA/0.3% Triton X-100. Signals were visualized and photographed with Nikon C1 confocal system using NIS Elements software (Nikon Instruments; Hoshi et al., 2012) .
BrdU incorporation
BrdU solution containing 5-Bromo-2′-deoxyuridine (10 mg/ml) was injected intraperitoneally in pregnant mice (50 mg BrdU/kg body weight) 1 h before embryonic dissection. The samples were prepared and sectioned as described above before overnight incubation with anti-mouse BrdU antibody (Clone Bu20a, Dako; 1/300).
Intrapelvic dye injections
Royal Blue ink (Pelikan) solution was injected into the renal pelvis of isolated whole-urogenital system at E18.5 using a pulled-out Pasteur glass pipette. Pressure was applied to push the ink from the pelvis to the bladder.
In situ hybridization
Embryos were fixed in 4% paraformaldehyde in PBS O/N at 4°C and then paraffin-embedded. Further processing of the embryos and ISH were carried out as described (Wilkinson and Nieto, 1993) . Riboprobes were obtained from Open Freezer at the Lunenfeld-Tanenbaum Research Institute (Toronto, Canada) (Olhovsky et al., 2011) .
Measurement of common ND length
E11.5 embryos were sectioned sagittally and used for quantification of CND length. Length of the CND was calculated as the length from the ureter-ND junction to the cloaca epithelium (red line in Fig. 3G,I ). If the ND was detached from the cloaca in Yap mutants, the length was measured from the ureter-ND junction to the tip of the ND (red line in Fig. 3H) . Quantification of the CND length at E12.5 was performed using the WM-IF images as in supplementary material Fig. S3C -E.
Whole-mount X-Gal staining
Embryos were fixed in 0.2% glutaraldehyde in 0.1 M phosphate buffer, 2 mM MgCl 2 and 5 mM EGTA for 35 min and processed as described (Hogan et al., 1994) .
Statistical analyses
All data are expressed as mean values with standard deviation (s.d.). An unpaired two-tailed t-test was used to determine differences between two groups (e.g. wild type versus mutant). All statistical analyses were conducted using GraphPad Prism 5.0a software.
